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ABSTRACT: The binding site of the dopamine D2 receptor, like that of homologous G-protein-coupled
receptors (GPCRS), is contained within a water-accessible crevice formed among its seven transmembrane
segments (TMSs). Using the substituted-cysteine-accessibility method (SCAM), we are mapping the residues
that contribute to the surface of this binding-site crevice. We have mutated to cysteine, one at a time, 21
consecutive residues in the fourth TMS (TM4). Eleven of these mutants reacted with charged sulfhydryl-
specific reagents, and bound antagonist protected nine of these from reaction. For the mutants in which
cysteine was substituted for residues in the cytoplasmic half of TM4, treatment with the reagents had no
effect on binding, consistent with these residues being inaccessible and with the low-resolution structure
of the homologous rhodopsin, in which TM3 and TM5 occlude the cytoplasmic half of TM4. Although
hydrophobicity analysis positions the C-terminus of TM4 at 4.64;#® and Pre-X—Pro motifs, which

are known to disrupti-helices, occur at position 4.59 in a number of homologous GPCRs. The SCAM
data were consistent with a C-terminus at 4.58, but it is also possible thatibiéx extends one additional

turn to 4.62 in the D2 receptor, which has a single Pro at 4.59. In homologous GPCRs, the high degree
of sequence variation between 4.59 and 4.68 is more characteristic of a loop domain than a helical segment.
This region is shown here to be very conserved within functionally related receptors, suggesting an important
functional role for this putative nonhelical domain. This inference is supported by observed ligand-specific
effects of mutations in this region and by the predicted spatial proximity of this segment to known ligand
binding sites in other TMs.

The dopamine receptors, like the homologous receptorsthe transmembrane domain. The surface of this crevice is
for the other biogenic amines, bind neurotransmitters presentformed by residues that can contact specific agonists and/or
in the extracellular medium and couple this binding to the antagonists and by other residues that may play a structural
activation of intracellular G-proteind). The binding sites  role and affect binding indirectly.
of these receptors are formed among their seven, mostly Despite enormous efforts, no high-resolution structure of
hydrophobic, transmembrane segments (TM&)and are  any G-protein coupled receptor (GPCR) has been determined
accessible to charged, water-soluble agonists, like dopamineexperimentally. However, low-resolution structures that
Thus, for each of these receptors, the binding site is containedinclude a 9-A projection structure of bovine rhodopsa) (
within a water-accessible crevice, the binding-site crevice, and a 7.5-A structure of frog rhodopsid) (have been used
extending from the extracellular surface of the receptor into to guide the development of a molecular model of the TMSs
of rhodopsin §). Molecular models for many other GPCRs
have been based on this model and on inferences from
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of agonists and antagonists (reviewed in Tgfalthough it at the amino terminus with the cleavable influenza-hemag-
is not clear whether the effects of these mutations on binding glutinin signal sequence followed by the “FLAG” epitope
result from alterations of direct interaction or from indirect (IBI, New Haven, CT) 14) in the bicistronic expression
effects. In a more direct demonstration of the proximity of vector pcin4 (a gift from Dr. S. Rees, Glaxd)7j was used
TM4 residues to the ligand binding site, an agonist and an for all transfections, which were performed as described
antagonist photoaffinity ligand were found to label covalently previously (4).
part of TM4 in thea2 adrenergic receptor, although the HEK 293 cells in DMEM/F12 (1:1) with 10% bovine calf
specific residue labeled could not be identifie). ( serum (Hyclone) and 293-TSA cells (a clonal line of HEK

Here we report the application of the substituted-cysteine 293 cells stably expressing the SV40 large T antigen) in
accessibility method (SCAM) to identify systematically all DMEM with 10% fetal calf serum were maintained at 37
the residues in TM4 of the D2 receptor that contribute to °C and 5% CQ. For transient transfection, 35-mm dishes
the binding-site crevice. We have been using SCAWIt0 of 293-TSA cells at 7680% confluence were transfected
identify the residues in TM2, TM3, TM5, TM6, and TM7  with 2 ug of wild type or mutant D2 receptor cDNA in pcin4
that form the surface of the binding-site crevice in the human (see above) using 8L of lipofectamine (Gibco) and 1 mL
dopamine D2 receptof0—15). Consecutive residues inthe of OPTIMEM (Gibco). Five hours after transfection, the
TMSs are mutated to cysteine, one at a time, and the mutantsolution was removed and fresh media was added. Twenty-
receptors are expressed in heterologous cells. If ligandfour hours after transfection the media was changed. Forty-
binding to a cysteine-substitution mutant is near-normal, we eight hours after transfection, cells were harvested as
assume that the structure of the mutant receptor, especiallydescribed below. For stable transfection, HEK 293 cells were
around the binding site, is similar to that of wild type and transfected with D2 receptor cDNA in pcind as described
that the substituted cysteine lies in a similar orientation to above. Twenty-four hours after transfection the cells were
that of the wild-type residue. In the TMSs, the sulfhydryl of split to a 100-mm dish, and 7Q@/mL Geneticin was added
a cysteine facing into the binding-site crevice should react to select for a stably transfected pool of cells.
much faster with charged sulfhydryl-specific reagents than Harvesting Cells.Cells were washed with phosphate-
should sulfhydryls facing into the interior of the protein or buffered saline (PBS; 8.1 mM NaHO,, 1.5 mM KH,PQ,,
into the lipid bilayer. For such reagents, we use derivatives 138 mM NaCl, and 2.7 mM KCI, pH 7.2), briefly treated
of methanethiosulfonate (MTS): positively charged MTS- with PBS containing 1 mM EDTA, and then dissociated in
ethylammonium (MTSEA) and MTSethyltrimethylammo- PBS. Cells were pelleted at 109@r 5 min at 4°C and
nium (MTSET) and negatively charged MTSethylsulfonate resuspended for binding or treatment with MTS reagents.
(MTSES) (16). These reagents are about the same size as [®H]N-Methylspiperone BindingwWhole cells from a 35-
dopamine, with maximum dimensions of approximately 10 mm plate were suspended by pipetting in 4Q00f buffer
by 6 A. They form mixed disulfides with the cysteine A (25 mM HEPES, 140 mM NacCl, 5.4 mM KCI, 1 mM
sulfhydryl, covalently linking -SCHCH,X, where X is NHt, EDTA, and 0.006% BSA, pH 7.4). Cells were then diluted
N(CHy)s™, or SG~. We use two criteria for identifying an  with buffer A, typically 20-fold. Depending on the level of
engineered-cysteine as forming the surface of the binding- expression in the various mutants, adjustments in the number
site crevice: (i) The reaction with an MTS reagent alters of cells per assay tube were made as necessary to prevent
binding irreversibly. (i) This reaction is retarded by the depletion of ligand in the case of very high expression or to
presence of ligand. increase the signal in the case of low expressiéH]N-

The SCAM analysis is presented here in the context of Methylspiperone (Dupont/NEN) binding was performed as
results from sequence analysis and molecular modeling ofdescribed previouslyl@).
TMA4. This has allowed us to consider our empirical findings ~ Reactions with MTS Reagent&hole cells from a 35-
regarding the accessibility of the residues in TM4 in the mm plate were suspended in 400 buffer A. Aliquots (45
structural context of complementary efforts to develop and uL) of cell suspension were incubated with freshly prepared

refine computational molecular models of GPCRs. MTS reagents (L) at the stated concentrations at room
temperature for 2 min. Cell suspensions were then diluted
EXPERIMENTAL PROCEDURES 16-fold, and 20QuL aliquots were used to assay fGH]N-

methylspiperone (200 pM) binding as describ&8)( The
Numbering of ResidueResidues are numbered according fractional inhibition was calculated as-4[(specific binding
to their positions in the human dopamine D2 receptor after MTS reagent)/(specific binding without reagent)]. We
sequence. In some cases, we also index residues relative tased SPSS for Windows (SPSS, Inc.) to analyze the effects
the most conserved residue in the TMS in which it is located of the MTS reagents by one-way ANOVA with Dunnett’s
(6). By definition, the most conserved residue is assigned post hoc testy{ < 0.05).

the position index “50”, e.g., W166°, and therefore V159° The second-order rate constam) for the reaction of
and V161*% This indexing simplifies the identification of ~MTSEA with each susceptible mutant was estimated by
aligned residues in different GPCRs. determining the extent of reaction after a fixed time, 2 min,

Site-Directed Mutagenesi€ysteine mutations were gen-  with six concentrations of MTSEA (typically 0.025.0 mM)
erated as described previouslyl). Mutations were con-  (all in excess over the reactive sulfhydryls). The fraction of
firmed by DNA sequencing. Mutants are named as (wild- initial binding, Y, was fit to (1-plateau)e°t + plateau, where
type residue)(residue numbegyonindeXmutant residue),  plateau is the fraction of residual binding at saturating
where the residues are given in the single-letter code. concentrations of MTSEA is the second-order rate constant

Transfection.The cDNA encoding the dopamine R&: (in M~ts™1), cis the concentration of MTSEA (M), artds
receptor or the appropriate cysteine mutant, epitope taggedhe time (120 s).
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Table 1. Characteristics ofHi]N-Methylspiperone Binding to Table 2: Inhibitory Potency of-{)-Sulpiride on
Cysteine-Substituted Dopamine D2 Receptor [BH]N-methylspiperone Binding to Cysteine-Substituted Dopamine
D2 Receptot
Kb Kmut/ Bumax
mutant (pM) Kcug®s  (fmollcm®)  n apparenk| Kimun/

V154-4C 70+ 4 0.8 374 2 mutant (M) Kieu#®)  n
M155%45C 60+ 4 0.7 228+ 23 2 V154444C 18+ 2 1.1 2
1156%4¢C 53+ 10 0.6 2144 37 2 M155*45C 16+ 2 1.0 2
S1574C 105+ 7 1.2 418+ 14 3 1156*46C 194+ 2 1.2 2
1158*4¢C 108+ 18 1.3 283+ 75 3 S15747C 13+1 0.8 2
V159*4C 45+ 5 0.5 137+ 24 2 1158*46C 16+1 1.0 3
W160+5C 42+ 6 0.5 62+ 26 2 V159+4C 21+0 1.3 2
V161451C 87+ 12 1.0 306+ 19 2 W160+5°C 156+ 20 9.8 2
L162+5C 97+ 24 11 256+ 51 3 V161451C 22+ 4 1.4 2
S1635C 94+ 10 11 90+ 12 2 L162*5C 17+ 2 1.1 2
F164+51C 63+ 2 0.7 208+ 14 2 S1635C 28+ 2 1.7 3
T1655%C 80+ 16 0.9 422+ 73 2 F16451C 34+ 4 2.1 2
1166*5¢C 81+ 10 1.0 260+ 81 2 T165"5C 17+ 5 1.0 3
S1675C 87+ 16 1.0 323+ 39 2 1166*5¢C 35+1 2.2 2
C1688(C1183%S) 85+ 4 1.0 320+ 72 2 S1675C 21+1 1.3 2
P1695C 134+ 20 1.6 228+ 19 2 C168-%8(C1183¢S) 16+ 4 1.0 2
L170*6%C 74+ 4 0.9 112+ 20 2 P169-5C 3737+ 566 234.3 2
L17148C 58+ 3 0.7 57+ 18 2 L17048C 70+ 19 4.4 2
F1726C 97+ 3 1.1 63+ 7 2 L171461C 97+ 15 6.1 2
G1736C 61+ 13 0.7 99+ 15 2 F172-6C 298+ 97 18.7 3
L17445C 73+ 3 0.9 199+ 29 4 G1736C 99+ 11 6.2 3
N175+65C 114+ 24 1.3 204+ 39 3 L17448C 87+31 55 5

N175+65C 31+7 1.9 3

aCells transfected with the appropriate receptor were assayed as
described in Experimental Procedures. Data were fit to the binding 2 Cells transfected with the appropriate receptor were assayed with
isotherm by nonlinear regression. The means and SEM are shown for[3H]N-methylspiperone (150 pM) as described in Experimental Pro-
n independent experiments, each with duplicate determinatigms. cedures in the presence of nine concentrations—Qfsulpiride. The
values are presented as femtomoles per square centimeter of plate areapparenK; was determined by the method of Cheng and Prugdif (
Note that C1183%S, the background for all the mutations, contains using the G, value obtained by fitting the data to a one-site competition
Cys168, which is present in all the mutants. model by nonlinear regression. The means and SEM are shown for
independent experiments, each with duplicate determinations. Note that

] ] o C118-3%5, the background for all the mutations, contains Cys168, which
Analysis of Sequence Consation. The sequence similar-  is present in all the mutants.

ity index (SS) is derived from sequence variabilifyg). SS
makes use of the exchange matrix, and SS at one position ist\2, TM3, TM5, TM6, and TM7 (114, 22). Criteria used
defined as the weighted sums of residue similarities over all for the vertical positioning of TMSs relate to the high
sequence pairs within an alignment. Data for SS were mostly concentration of nonconserved Arg and Lys residues at the

retrieved from the corresponding profiles in GPCROB)( cytoplasmic ends of TMSs28, 24), as well as identified
The profiles for the dopamine D2-like (D2, D3, D4) receptor proximities between TMS26, 26).

sequences and for the D2 receptor sequences were calculated
using the WHAT IF program20) using the same methods RESULTS

as described for the GPCRDB. Application of the Substituted-Cysteine Accessibility Method
The SS of region 4.594.68, region 1.2%+1.30, and all to TM4 of the Dopamine D2 Receptor. (1) Effects of
TMS residues were averaged. The conservation of regionCysteine-Substitution on Antagonist Bindilga background
4.59-4.68 was normalized [the normalized similarity index of the mutant C118%6S, which is relatively insensitive to
(NSI)] as the following: (avg 4.594.68— avg 1.21-1.30)/  the MTS reagentsl(), we mutated to cysteine, one at a time,
(avg TMSs— avg 1.21-1.30). Therefore, the NSI describes 21 consecutive residues, V¥34to N175-6% in TM4. Each
the degree of conservation of region 45068 as compared  mutant receptor was transiently or stably expressed in HEK
to that of region 1.241.30 relative to the degree of 293 cells, and th&p andBuax characterizing the equilibrium
conservation of the TMSs. Comparisons were made betweenbinding of the radiolabeled antagoniStH[N-methylspiper-
different receptors and receptor subtypes within the amine one, were determined. At all 21 positions, tkg of the
family of rhodopsin-like GPCRs. cysteine-substitution mutant was between 0.5 and 1.6 times
Comparative Molecular ModelingThe 3D model of the  theKp of C118S and th®&yax ranged from 18 to 130% of
TMSs of the D2 receptor uses the helix axes of the templatethat obtained with C118S (Table 1).
described by Baldwing) following the 7.5 A rhodopsin TheK; of the antagonist sulpiride in competition witt]-
electronmicroscopy map4). The transmembrane bundle N-methylspiperone was determined in the 21 mutants (Table
incorporates the predictions from the criteria discussed in 2). At 21 positions, th&, was between 0.8 and 2.2 times
Results for the identification of the transmembrane span of theK, of C118S. In the four mutants L170C, L171C, G173C,
the TMSs, and their inward/outward orientation, as well as and L174C, the&, was between 4.4 and 6.2 times tieof
experimental constraints of homologous GPCRs that include C118S, whereas in W160C, P169C, and F172CKihsas
information about ligand interaction at positions D3.32, 10, 234, and 19 times, respectively, tieof C118S.
S5.43, S5.46, and F6.52 (reviewed in i#®f the role and (2) Reactions of Charged MTS Reagents with the Mutants.
position of the arginine cage at the cytoplasmic end of TM3 A 2-min application of 2.5 mM MTSEA significantly
(21), and the specific structural information from SCAM of inhibited PH]N-methylspiperone binding to 11 of 21 cys-
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Ficure 2: Sulpiride protection of cysteine-substitution mutants.
Dissociated cells were incubated in buffer A for 20 min at room
temperature in the presence or absencet)fqulpiride, and then
MTSEA was added, in the continued presence or absence of sul-

Ficure 1: Effects of MTSEA application on specificcH]N-
methylspiperone (200 pM) binding to intact cells transfected with
wild-type or mutant D2 receptors. Cells were treated with (A) 2.5
mM MTSEA or (B) 0.25 mM MTSEA for 2 min. The means and L . . - - C

; f piride, for 2 min at a concentration chosen to inhibit5®%% of
SEM are shown. The number of independent experiments for e"’mhspecific binding in the absence of sulpiride. Concentrations of

mutant is shown next to the bars. Solid bars indicate mutants for MTSEA were as follows: 5mM: F164C: 2.5 mM: S163C, S167C,

which inhibition was significantly differentp( < 0.05) than . . ;
P169C, F172C, G173C, N175C; 1 mM: W160C, 1166C; 0.25 mM

.3 = _ ’ ) ) ) y il
C1183%S by one-way ANOVA. Note that C138%, the back- """\ 0" "170C [171C. For 5 of the 11 mutants, $163C,

ground for all the mutations, contains Cys168, which is present in =

all the mutants. Only the mutants that were significantly different F164C, 1166C, S167C, and N175C sulpiride was used at a

from C1183%S were studied at 0.25 mM in panel B. concentration of 1«M. To compensate for changes in the,
increased concentrations of sulpiride were used for the following

mutants: 50uM: L170C, L171C, G173C; 10(«M: W160C,

F172C; 40QuM: P169C. Protection was calculated as [inhibi-

tion in the presence of sulpiride)/(inhibition in the absence of

sulpiride)]. Solid bars indicate that protection by sulpiride was

Table 3: Rates of Reaction of MTSEA with Cysteine-Substituted
Dopamine D2 Receptdr

mutant kvrsea (M~1s7) Kot/ Kwt n significant < 0.05) by paired t-test.
.5

\éVllGGg?lséC gii 8:? g The reversible antagonist sulpiride significantly retarded
F164-5C 4+1 0.1 3 the reaction of MTSEA with W160C, S163C, F164C, 1166C,
1166"C 7+£2 0.2 3 S167C, L170C, L171C, G173C, and N175C. The degree of
S167°C 2+1 0.05 3 protection varied from 25 to 96% (Figure 2). Although
P1695C 5+1 0.1 3 o ; . .
L170/60C 74+ 15 19 3 sulpiride slightly retarded the reaction of MTSEA with
L171481C 43412 1.1 3 F172C, the protection was not significant. Sulpiride had no
F172:°C 5+1 0.1 3 effect on the reactivity of P169C.
G173°C 5+1 01 3 Nine of the mutants, W160C, F164C, 1166C, P169C,
N175-65C 4+1 0.1 3

L170C, L171C, F172C, G173C, and N175C, were suscep-
2 The second-order rate constak\yas determined as described in  tjp|e to reaction with 1 mM MTSET (Figure 3A). At 10 mM,
Experimental Procedures. The means and SEMhadhdependent MTSES, the negatively charged derivative, significantly

experiments, each performed with triplicate determinations, are shown., " > - . .
kuurkwr Was obtained by dividing eadavalue by thek determined inhibited binding to five of these nine mutants, W160C,

for the wild-type receptor in which Cys118 reacts, 391 (11), L170C, L171C, G173C, and N175C (Figure 3B).
Which_ is_ not present in the background used to construct the Cys A Structural Template for TM4 of the Dopamine D2
substitution mutants. Receptor. (1) Prediction of Helix Ends and Orientation Based

on Sequence Analysi8. hydrophobicity plot, in which the
teine-substitution mutants (Figure 1A). A 2-min application average hydrophobicity is plotted against the D2 TM4
of 0.25 mM MTSEA significantly inhibited binding to 3 of  receptor sequence, identifies the TM4 segment from V4.44
these 11 mutants (Figure 1B). To quantitate the susceptibilityto L4.64 as a continuous stretch with a high overall
to MTSEA, we determined the second-order rate constantshydrophobicity. However, the predicted N-terminus (NT) at
for the reaction with MTSEA (Table 3). The most reactive 4.44 is one turn above the end of the TM4 helix in rhodopsin
cysteines were those substituted for L170 and L171. Cys-that was determined experimentally to be at position 4.40
teines substituted for W160 and 1166 were of intermediate (27). Analysis of the helical periodicity of the conservation
reactivity with MTSEA. Cysteines substituted for S163, pattern by Fourier transform of the variability provides an
F164, S167, P169, F172, G173, and N175 were least reactivealternative algorithm for predicting the boundaries of the
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Ficure 3: Effects of MTSET and MTSES application on specific
[BH]N-methylspiperone (200 pM) binding to intact cells transfected
with wild-type or mutant D2 receptors. Cells were treated with (A)

1 mM MTSET or (B) 10 MM MTSES for 2 min. The inhibition of
specific BH]N-methylspiperone (200 pM) binding to intact cells
transfected with wild-type or mutant D2 receptors resulting from a
2-min application of (A) 1 mM MTSET or (B) 10 mM MTSES.
On the basis of the relative rate constants for reaction with simple
thiols in solution, namely, 10:4:1 for MTSET, MTSEA, and
MTSES, (6), we used equireactive concentrations of 1 mM
MTSET (A), 2.5 mM MTSEA (Figure 1A), and 10 mM MTSES
(B). The means and SEM are shown. The number of independent
experiments for each mutant is shown next to the bars. Solid bars
indicate mutants for which inhibition was significantly differept (

< 0.05) than C118%5S by one-way ANOVA. Note that C138%S,

the background for all the mutations, contains Cys168, which is
present in all the mutants.

TMSs 28-30). Thea_-hellx periodicity index caI(_:uIated for FIGURE 4. Sequence analysis of TM4 of the dopamine D2 and
TM4 of neurotransmitter GPCRs from the Fourier transform ,qmoi0gous neurotransmitter receptors. In panel A, an alignment

of the variability (number of different amino acid at a given  of the D2 with representative homologous neurotransmitter receptors
position) suggests that the NT of TM4 is positioned at 4.38 is shown, indicating the presence of nonconserved Arg and Lys

(see Figure 8C in ref and discussion therein), more in line _(indicatlz_ad b)(/ja +" over the _altijgnr?egtk))- The presence of IF_WO”“eSt

: : : : in an aligned sequence is indicated by a “p” over the alignment,
with the experimental data in rhodopsm. and the presence of insertions is indicated by an “i". The residues
In known transmembrane helical structures, nonconservedin the human D2 receptor predicted to be in the Tétielix (see

Arg and Lys residues tend to concentrate at the cytoplasmictext) are underlined. Residues predicted to reside in the membrane
boundary of TM helices where they face lipid at the level based on a hydrophobicity plot are shaded (see text). In panel B, a
of the negatively charged phospholipid headgroups, anchor-hel'cal net representation of TM3, TM4, and TM5 of the D2

. : R . receptor is shown, with the conserved residues predicted to face
ing the TM helix to the membrane through ionic interactions into the binding-site crevice or the protein interior shaded. The

(23). A multiple sequence alignment of 62 neurotransmitter positions in which nonconserved Arg and Lys appear in homologous
GPCRs homologous to the D2 receptor was constructed, andeceptors are shown with a thick circle.

the presence of nonconserved Arg and Lys residues within

TM4 was identified (Figure 4A). From 4.34 to 4.45, every helix, the Arg/Lys criteria suggest that the TM4 helix
position except 4.38 and 4.42 contains Arg or Lys residues continues to the highly conserved 4.38.

in some receptors. Arg/Lys in the TMd-helix at the The pattern of amino acid conservation is also consistent
cytoplasmic interface should concentrate on one face of thewith S4.38 as the NT for TM4. Conserved residues are
a-helix, facing the phospholipid headgroups. A helical net predicted to face the protein interior, whereas nonconserved
representation of TM4 (Figure 4B) shows that the pattern residues such as the Arg/Lys motif described above are
of Arg/Lys present across these 62 GPCRs is consistent withpredicted to face the solvent, in this case the lipid milieu.
o-helical character from 4.38 until 4.46. This periodicity is S4.38 and 14.46 are highly conserved in amino acid character
not maintained before 4.38. Thus, although a simple hydro- and volume and are predicted, therefore, to face inside
phobicity plot excludes the residues before 4.44 from the (shaded in Figure 4B). Consistent with these predictions are
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Table 4: Sequence Similarity Analysis of the Extracellular Portion of TM4

dopamine dopamine

D1-like D2-like p- p2- serotonin
amine dopamine (D1, D5) (D2,D3,D4) dopamine adrenergic adrenergic adrenergic serotonin  5HT2
receptors receptors receptors receptors D2 receptors receptor receptors receptors receptors receptors

no. of seq 210 43 22 13 6 60 25 8 65 12
position in  4.59 P 58 P 50 | 95 P 100 P 100 P 53 L 75 L 100 P 72 P 100
region 4.60 P 68 P 58 P 100 L 70 L 83 P 100 P 100 P 100 P 78 | 20

4.61 L 64 VvV 70 V 100 L 86 L 100 L 70 | 100 | 100 L 54 P 100
4.62 L 55 Q 51 Q 100 F 79 F 100 | 50 M 44 Q 88 F 70 VvV 90
4.63 G 31 G 56 L 100 G 100 G 100 S 44 M 67 M 100 W 38 F 53
4.64 W 33 L 30 N 59 L 71 L 100 H 30 H 71 H 100 G 37 G 100
4.65 W 33 N 51 W 100 N 100 N 100 W 41 W 100 W 100 Q 34 L 75
4.66 H 27 H 56 H 100 N 58 N 100 W 40 W 80 Y 100 A 29 Q 70
4.67 K 37 K 48 K 86 T 70 T 70 R 50 R 96 R 88 K 42 D 75
4.68 A 42 A 40 A 68 D 45 D 67 A 50 A 54 A 100 A 38 D 90

avg 459-468 45+ 15 51+11 91+15 78+ 19 92+ 13 54+ 20 794+ 20 98+ 5 49+ 18 84+ 16

avg 12130 30&£5 4146 48+ 14 53+ 12 72+ 8 38+ 7 44+ 9 85+ 11 3346 564 12

avg TMSs 6819 76+19 93+11 86+ 16 98+ 7 74+ 20 86+ 17 98+ 6 70+£19 89+16

normalized 0.39 0.29 0.95 0.76 0.78 0.43 0.84 0.96 0.44 0.86

similarity index

aFor each group of receptors at a given index position in region-4588, the most common residue at this position, and the sequence similarity
(SS) are shown, e.g., a 100% conserved position is characterized with an SS of 100. Avf.3@fepresents the average SS of residues1.21
1.30, avg 4.59-4.68 represents the average SS of residues-458, and average TMSs represents the average SB of all the TMSs residues.
The normalized similarity index (NSI) is calculated as described in Experimental Procedures.

spin labeling studies of rhodopsin that identified position 4.42 bank @3) of all known high-resolution structures2.0 A)
as facing the protein interior, whereas positions 4.40, 4.41, containing single P, PP, or PXP motifs near the C-terminal
4.43, and 4.44 faced the lipid milie@7). end of ana-helical stretch of at least eight residues. The

W4.50 is completely conserved, and positions 4.53, 4.56, most common structure was one in which a single Pro was
and 4.57 are highly conserved in volume and/or hydrogen at the site of termination of am-helix (302 hits). A number
bonding character. Thus, all of these residues are predictedof structures were identified, however, in which todelical
to face the protein interior (Figure 4B). Position 4.54 is less secondary structure continued for two to four residues
conserved but shows a subtype-selective pattern, and isfollowing a single Pro (13 hits). In contrast, no structure was
therefore, also predicted to face inward. In contrast, the found in which PP or PXP were present in arhelical
residues at 4.52 and 4.58 preserve a high average hydroconformation, although this motif did occur immediately after
phobicity but are nonconserved, an indication that they the termination of preceding-helix (seven hits for PP and
face lipid. Thus the pattern of conservation is also consistent12 hits for PXP). Thus, the most likely CT of the helix is
with a-helical periodicity from S4.38 until C4.58 (Figure 4.58, although in receptors containing a single Pro at position
4B). 4.59 (or 4.60), such as the D2 receptor, the helix could

The TM4 segment from 4.59 to 4.64 is highly hydrophobic Potentially extend to 4.62 or 4.63.
and thus predicted to be in the membrane as illustrated It should be noted that given the scarcity of high resolution
schematically in Figure 4B. Consistent with this prediction, structures of membrane proteins, the results of the Iditis
a highly hydrophobic photoaffinity probe labeled position search are most pertinent to water-soluble proteins. For
4.64 in rhodopsing1). Fourier transform of the conservation membrane-embedded proteins, the hydrophobic environment
pattern predicts 4.63 as the C-terminus (CT) of the TM4 strongly favors regular secondary structures suai-aslices
o-helix. However, the presence of insertions at positions that satisfy the backbone H-bonding potential, and Pro-
4.62-4.63 (Figure 4A), the presence and positioning of Pro containinga-helices are common in membrane proteins such
residues after position 4.58 (see below), and the high degreeas receptors, transporters, and ion channels. Nonetheless,
of sequence divergence (see below), make it unlikely that given the lack of high resolution structural information of
the region after 4.58 has a highly ordered secondary structuremembrane proteins, the data on the C-termini of helices
in all homologous receptors. containing Pro are the best guide currently available.

(2) Effects of Prolines near the Carboxy-Termini of (3) Analysis of Sequence Consation of the Extracellular
o-Helices. The proposed span of TM4 in the dopamine Portion of TM4.In homologous amine GPCRs, the high
receptor includes a Pro at position 69 Many other degree of sequence variation observed at the extracellular
GPCRs also contain a single Pro at position 4.59. Other portion of TM4 is more characteristic of a loop domain than
receptors contain a single Pro at 4.60 or no Pro at all (Figurea helical TMS. We observed, however, that this region
4A). Other patterns frequently present in this region include appeared to be rather conserved within functionally related
Pro—Pro (PP) or PreX—Pro (PXP) motifs (Figure 4A), receptors as well as within species variants of the same
which are known to disrupt secondary structural elements receptor subtype. We quantitated this observation by analyz-
and thus are almost never present withihelices 82). ing the sequence conservation as described in Experimental

To explore the potential impact of the various Pro motifs Procedures, and the analysis is shown in Table 4.
on the secondary structure of TM4, we performed an Iditis  Our analysis evaluated the sequence conservation in region
(V3.31, Oxford Molecular Ltd.) search of the protein data 4.59-4.68 in comparison to that of the 10 residues in the
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extracellular domain immediately preceding TM1 (region extent of protection by sulpiride varied considerably among
1.21-1.30), which was chosen as an example of a region the mutants (Figure 2). From the protection data, we infer
expected to be nonconserved. Table 4 shows the positionthat P169°°and F172¢2are likely located at the margin of
index, the most common residue at this position, and the the binding site such that the presence of sulpiride in the
sequence similarity parameter (SS) of each residue in regionbinding site decreases access of MTSEA only in part,
4.59-4.68 within the indicated groups and subgroups of resulting in no or relatively poor protection. Protection of a
amine receptors. Average SS values over each 10-residuesubstituted cysteine is most simply explained by its proximity
stretch, and over all the residues in the TMSs, are shownto the sulpiride-binding site. Nevertheless, not every one of
below each group. The “normalized similarity index” (NSI) the sites protected by sulpiride needs to make direct contact
was calculated to quantify how similar the conservation of with the drug. Sulpiride could protect residues deeper in the
region 4.59-4.68 is to the overall conservation of the TMSs, crevice by binding above them and blocking the passage of
as a standard of high conservation. Thus, 0.0 indicates NnoOMTSEA from the extracellular medium toward the cyto-
more conservation than region 1:21.30, and 1.0 indicates  plasmic end of the crevice. We also cannot rule out indirect
an extent of conservation equal to that of the average TMSs.effects through propagated structural changes for protection

The results in Table 4 show that, although this extracellular by the antagonist sulpiride.
portion of TM4 is not more conserved in all dopamine  Given the differences in the binding of sulpiride and
receptors (0.29) than in all amine receptors (0.39), this N-methylspiperone to particular mutants, it would be inter-
changes when dopamine receptors are divided into D1-like esting to compare the abilities ®f-methylspiperone and
(D1, D5) or D2-like (D2, D3, D4) receptors. For these sulpiride to protect, particularly in P169C and F172C.
subgroups, the conservation is dramatically higher relative Unfortunately, becaus&-methylspiperone is rather lipo-
to the conservation of region 1.21.30 (0.95 and 0.76,  philic, it is very difficult to remove it sufficiently to allow
respectively). Within the species variants of the D2 receptor reliable measurement of residual binding. In contrast,
alone, the NSI (0.78) was similar to that of the D2-like sulpiride is hydrophilic and its binding is sodium-dependent,
receptors, consistent with the structural similarity expected two factors that facilitate its washout. Nonetheless, we have
from the closely related pharmacology and function of these observed that the addition of MTSEA to P169C and to F172C
receptors. Analysis of the adrenergic receptors and serotoniraltered the rate of dissociation of preboudH]N-methyl-
receptors identified a similar pattern of high conservation spiperone (data not shown). This argues that these residues
of the extracellular portion of TM4 within functionally related  are not sterically protected by bourdimethylspiperone,
subgroups of receptors, such as thadrenergic receptors  consistent with the results of sulpiride protection experiments
(Table 4). in these mutants.

Comparison of Reactity with MTSEA, MTSET, and

DISCUSSION MTSESMTSEA is mostly positively charged at physiologi-

Residues Forming the Water-Accessible Surface of thecg] pH, whereas MTSET has a fixed positive charge. At
Blndlng—SIte Creice. We |dent|fy residues on thF.,'.Water- physio'ogical pH' the negatively Charged MTSES is es-
accessible surface of the D2 receptor by the ability of the sentially completely ionized. MTSET significantly inhibited
MTS reagents to react with substituted cysteine residues. Theyinding to all the mutants inhibited by 2.5 mM MTSEA,
MTS reagents react 10° times faster with ionized thiolates except S1685C and S16%5°C (Figure 3A), the two least
than with unionized thiols34), and only water-accessible  yeactive mutants (Table 3). In addition, the inhibition
cysteines are likely to ionize to a significant extent. More- following 2 min of 10 mM MTSES did not reach statistical
over, MTSEA, MTSET, and MTSES are charged and gjgnificance at F164C, 1166+5¢C, P1695C, and F1726C
hydrophilic. Thus, we assume that these reagents will reaCtmutants; the inhibition after 2 min of 1 mM MTSET was
mUCh faStel’ with Water-aCCGSSible Cysteine reSidueS than Witha'so not robust for these mutants (Figure 3) At V\ﬂm
cysteines facing the protein interior or lipid. On the basis of MTSET and MTSES produced about the same submaximal
the near-normal affinities of the cysteine mutants Fr  inhibition of binding, suggesting that the rates of reaction
methylspiperone, it is likely that the global structures of the of the positively and negatively charged reagents are roughly
mutants are near-normal and that the substituted cysteinesimilar and that the electrostatic potential at this position is
are reliable reporters for the accessibility of the wild-type near neutral. This contrasts with our findings in TM2 and
residue for which they are substituted. We infer that the MTS T\3, where we observed differences in reactivity consistent
reagents have reacted if the binding of ligand is irreversibly ith a substantial negative electrostatic potential that likely
affected. Although the mechanism could be steric, electro- serves to attract and orient cationic ligandg, (15).
static, or indirect, a change in binding is taken as evidence o Secondary Structure of TMZhe pattern of the

for reaction. Thus, we infer from the results that 11 of the g es that are accessible to the MTS reagents is consistent
21 residues tested are on the water-accessible surface of thﬁ/ith TM4 being o-helical from W1665° through C168%

D2 Ligeptor. Ts?ese '”%lgl‘de ng)@’ SlG?:f* F164‘-:‘2‘, (Figure 5). The lack of an effect of the MTS reagéris
|1663'4 o S167, 5'1%63' ) L170%95 L171M, F172% L174*%1C suggests that the helix does not extend to this
G173 and N173 (Figure 1). position, but a termination of the helix at 4.62 or 4.63 would

The residues that form the surface of the binding-site e compatible with our results (see below). As discussed in
crevice are a subset of the water-accessible residues. Water-
accessible residues are considered to be in the binding-site 3 _ _ _ _
crevice if competitive antagonists or agonists retard the °!freactionof an MTS reagent with a substituted cysteine produces
. - . no change or only a small change in binding, then our use of binding
reaction of the MTS reagents. The competitive antagonist 45 an indirect measure of reaction might produce a false negative

sulpiride protected 9 of the 11 residues tested, although theconclusion about the accessibility of an engineered cysteine.
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It is not possible to assign the secondary structure of the
D2 receptor definitively to either of these models, as they
both are consistent with our data. The occurrence of PP and
PXP motifs and the divergence of the residues at the extra-
cellular end of TM4 in amine GPCRs make it very unlikely
that the structure of all homologous receptors is a continuous
o-helix through 4.62, even if all these receptors share a basic
structural framework. It is not necessary, however, that the
o-helical structure of a given TMS end at exactly the same
position in every receptor. The D2 receptor may be repre-
sentative of a subgroup of GPCRs that extends an additional
helical turn at the extracellular end of TM4. Nonetheless,
TM4 still appears to be the shortest helix in the bundle, con-
sistent with the inferences from the rhodopsin low-resolution
structure 85). Rhodopsin contains a PP motif at 4.59,
consistent with a CT at 4.58, so that with an NT between
4.38 and 4.40, the length of TM4 is predicted to be only
18—20 residues.

The Extracellular Portion of TM4As discussed in Results,
the extracellular portion of TM4 from 4.59 to 4.68 is highly
divergent among amine receptors (Table 4) yet subtype-
selective in its conservation pattern. This finding is consistent
with this region playing an important role in determining
the functional similarity within subgroups of related proteins;
it suggests that the structural divergence in the extracellular
portion of TM4 is important for the discriminating functions
of these receptors, such as ligand recognition and/or possibly
ligand access to the binding-site crevice. Thehelical
segment of TM4 is significantly shorter than other trans-
Ficure 5: Helical wheel (A) and helical net (B, C) representations membrane helices, as shown in Figure 4, panel B, by
of the residues in and flanking the TM4 segment of the dopamine comparison with the adjacent TM3 and TM5 helices. Because
D2 receptor, summarizing conservation of residues and the effectspq high density of Arg/Lys residues within its cytoplasmic

gEeMsLSIiE'?iI?end [?;E’\:)'rrgggt)ggpr'gse{é)uneestcvr?{jﬁnr%t;egf ?X;J@gues boundaries are expected to establish ionic interactions with

M-1s1, gray for protected residues that were significantly inhibited Negatively charged phospholipid headgroups, the cytoplasmic
by MTSEA but had a ratec9 M~1 s7* and gray with bold borders  end of TM4 helix is likely to reside close to the cytoplasmic
for unprotected residues that were significantly inhibited by end of other TM helices with similar Arg/Lys residues. It
MTSEA. Open circles indicate that MTSEA had no significant ,15\ys that the portion of TM4 from 4.59 to 4.64, which is
effect on binding. In panel A, increasing sizes of the circles indicate . - . . ’
increasingly extracellular localization of the indicated residues. In Predicted to be nonhelical, resides in the transmembrane
panels B and C, highly conserved residues in homologous GPCRsdomain at the level of the ligand binding site, near D3.32 in
are underlined, and the dotted circles represent residues that weréfM3 and S5.43-S5.46 in TM5 (Figure 4B), which are
Indeed, mutagenesis studies in related GPCRs suggest that
Results, the presence of PP and PXP motifs suggests thad number of residues in this region are critical determinants
the helix does not universally extend beyond 4.58. Thus, in of agonist and/or antagonist binding, although it has been
the homologous GPCRs with PP or PXP motifs in this unclear which of these effects are direct and which are indi-
region, and perhaps in all homologous GPCRs, the secondaryect. Consistent with the results presented here, mutation of
structure is most likely delimited as depicted in Figure 5B, P4.59 affected ligand affinity in a number of receptors in-
in which P169°°is shown as the first residue after the end cluding the muscarinic m3 receptoB6], C5a receptors3(),
of thea-helix. The secondary structure of the following loop and thyrotropin receptors38). Substitutions at 4.60 also
is unknown, but a number of residues in this loop clearly decreased agonist and antagonist affinity in neurokinin type
are both accessible to reaction with the MTS reagents andl and 2 receptors3g, 40), angiotensin AT1 receptor4),
protected by sulpiride, whereas the two residues P¥e@d vasopressin Vl1a receptors?), and dopamine D3 receptors
F17262 appear to be accessible but not protected. (43). Several other residues between 4.61 and 4.72 have also
An alternative representation of the secondary structure been shown to contribute to agonist and/or antagonist binding
is shown in Figure 5, panel C, in which the helical structure either alone or in combination with other mutatioB$,(40,
continues through F1722 This places L17¢°and L1726, 43—47) emphasizing the role of the extracellular portion of
the sites that are highly reactive when substituted by Cys, TM4 in ligand binding. In addition, Matsui et alB) showed
in the most extracellular turn of the helix. Consequently, with the use of photoaffinity labeling with agonists and
P169-%°and F172%2are placed in the most extracellular turn antagonists that the peptide labeled by both ligands in the
where they could be accessible from the extracellular milieu a2-adrenergic receptor corresponded to a fragment contain-
but not directly face the binding-site crevice and thus not be ing residues 4.44 through 4.66, suggesting that this portion
protected by sulpiride. of the receptor forms part of the ligand-binding domain.
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Curiously, none of the cysteine substitutions in TM4 of
the dopamine D2 receptor significantly affected the binding
affinity of the antagonisN-methylspiperone, whereas all the
cysteine mutants between P18¥« and L174%1C had lower
affinity for the antagonist sulpiride. This suggests that the
two compounds bind, at least in part, to different regions of
the receptor and/or that the compounds are differentially
sensitive to mutations that alter the conformation of the
extracellular region of TM4. We have observed a similar
greater sensitivity of sulpiride to mutations at a number of
positions in other TMSs1@2—15, 48).

The Tertiary Structure of TM4l'he bulky Trp side chain
at 4.50 represents a protuberance on the van der Waals sur-
face of TM4 (Figure 6B) that faces the interior of the trans-
membrane bundle, which in turn requires a significant open-
ing at the TM3-TM5 interface in the packing of the bundle.
The opening is achieved by the kink induced in TM5 by
P5.50 @4), which bends TM5 away from W4.50 (Figure 6).
Thus, positioning of the bulky and highly conserved W4.50
in the model near the region where TM4 becomes accessible
to the binding site crevice accommodates all the packing
constraints and can satisfactorily explain the pattern of acces-
sibility identified by SCAM, shown in purple in Figure 6B.

The secondary structure prediction described in Results
is consonant with results from spin labeling studies in
rhodopsin 27) and suggests that approximately -11P
residues preceding W4.50 are in TM4 (Figure 5). The
accessibility to MTS reagents, however, appears limited to
the extracellular half of TM4, with the most cytoplasmic-
accessible residue W16® predicted to lie roughly in the
middle of the TMS (Figure 5). This is consistent with the
low-resolution structure of rhodopsin viewed from the
binding-site crevice looking outward, which, in the more
intracellular portion of the receptor, places TM4 behind TM3
and TM5 where it becomes inaccessible from the binding-
site crevice 4, 5) (Figure 6). In contrast, the more extracel-
lular portion of TM4 presents a face accessible to the
binding-site crevice, and our results suggest that the bulky
and highly conserved W16 is positioned near the point
where TM4 becomes accessible.

The opening between TM3 and TM5 is most likely caused
by the kink in TM5 induced by P5.50, resulting in the
extracellular ends of TM3 and TMS5 tilting significantly away
from each other. The conserved disulfide bridge between
C3.25in TM3 and C5.31 in TM5 (Figure 4B) likely functions
to stabilize the resulting structure by linking these two
segments at an appropriate distance. This disulfide bridge
has been shown to be essential for the stability of a number
of GPCRs 49, 50). Notably, the melanocortin and cannab-
inoid receptors, which lack the disulfide bridge, also lack
the conserved P5.50, suggesting that the disulfide may not
be essential for stability in the absence of the kink that bends
TM5 away from TM3.

FicUre 6. Molecular model of TM3. TM4. and TM5 in the In summary, the present combination of results from
dopamine D2 receptor. The top of the figur’e is the extracellular SCAM experiments on TM4 with the analysis of sequence

end and the bottom of the figure is the intracellular end of the TMSs. alignments and structuréunction probing of cognate GPCR
TM3 is shown in blue, TM4 is shown in green, and TM5 is shown families place the current receptor model in the general
in yellow. The accessible residues are shown in purple. (A) Aribbon context of the emerging structural understanding of GPCRs.

representation shows the relative tilting and positions of these TMSs, ; i i
including the Pro-kink of TM5, and the relative positions of W4.50, Moreor\:er, thﬁ pl:\t/attlivi n(r)nherI;;:aI s;rtlacturxetrand"tf}ersper(t:ila:]
P5.50, and D3.32. (B) TM4 is shown in van der Waals representa- sequence conservaton properties of the extracellular portio

tion, with the residues accessible in the binding-site crevice, betweenOf TM4 identified in this context suggest an important role
W4.50 and C4.58, shown in purple. for this region in ligand recognition.
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NOTE ADDED IN PROOF

Our SCAM results and our proposal for the general
orientation and location of TM4 with the TM bundle are
consistent with the recent groundbreaking high resolution
structure of the homologous GPCR rhodopsin [Palczewski
et al. (2000)Science 289739]. Moreover, the extracellular
end of TM4 in rhodopsin reveals a single turn of distorted
kinked helix following Pro4.59 and Pro4.60, also consistent

with our data and interpretation. The unique sequence

properties we noted in GPCRs from 4.59 to 4.68 are

noteworthy given that in rhodopsin these residues connect

the top of TM4 with the beta strand structure that extends
down into the binding-site crevice in rhodopsin where it
interacts with retinal. Our results indicate that, like in
rhodopsin, in the dopamine D2 receptor this loop may
interact with the binding site and/or bound ligand. Curiously,

the

side chain of Trp4.50 in the rhodopsin structure does

not protrude between TM3 and TM5 as we inferred but rather
extends into the lipid behind TM3, but the accessibility data

remain consistent with the rhodopsin structure, suggesting a

structural congruity in this region.
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